Serial recall is impaired by the presence of irrelevant background speech (Colle & Welsh, 1976; Jones, Madden, & Miles, 1992; Neath, 2000; Salamé & Baddeley, 1982) . Accounts for this irrelevant speech effect (ISE) propose alternative mechanisms critical for retention of information within working memory (WM) . In the present study we sought to adjudicate between these mechanisms by implementing a novel manipulation of the phonological attributes shared by to-be-remembered (TBR) and to-beignored (TBI) items.
Directly relevant to the present article is the issue of betweenstream phonological similarity and its contribution to the ISE. Many prior studies tested the impact of between-stream similarity by manipulating overlap between the TBR and TBI streams at the level of the phoneme. Though there are reports of between-stream similarity effects in cued (Tolan & Tehan, 2002) and free (Marsh, Vachon, & Jones, 2008) recall, serial recall findings have converged almost unanimously on a comparable ISE regardless of the phonological content of the TBI stream-that is, the absence of a between-stream phonological similarity effect (Bell, Mund, & Buchner, 2010; Hughes & Jones, 2005; Jones & Macken, 1995; Larsen, Baddeley, & Andrade, 2000; LeCompte & Shaibe, 1997; Marsh et al., 2008) . We believe, however, that past failures to control the degree of subphonemic overlap confounded prior testing of between-stream phonological similarity effects in serial recall, and we revisit the issue by manipulating overlap at the level of articulatory phonetic features, the building blocks of phonemes.
Despite recent findings to the contrary, early work examining between-stream interactions found that a higher degree of phonological overlap between TBR and TBI items did result in an increase in the ISE (Salamé & Baddeley, 1982) . The study tested serial recall with concurrent presentation of rhyming (phonologically similar) and nonrhyming (phonologically dissimilar) TBR items. The results showed a significantly greater ISE for the phonologically similar condition, suggesting that "the amount of disruption caused by irrelevant speech is determined by the phonological similarity between the material being rehearsed and the irrelevant distracting material" (Salamé & Baddeley, 1982, p. 160) .
The findings were interpreted within the phonological loop account (Baddeley, 1986; Salamé & Baddeley, 1982) , which assumes that auditory-linguistic information enters WM as phonological representations, which gain automatic access to a storage module where they are temporarily maintained. The direct access to the store afforded to speech, even when extraneous to the task, potentiates its ability to interfere with the phonological code generated for stored TBR items.
Repeated failures to replicate Salamé and Baddeley's (1982) results, however, have led to alternative explanations for the ISE. The feature model (Nairne, 1990) proposes that WM performance involves the retrieval of memory traces from long-term memory based on a match to cues residing in primary memory. Interpreted through this model (Neath, 2000) , irrelevant speech jeopardizes trace retrieval because features of the TBI items replace features of TBR items through a process of feature adoption. Thus, like the earlier phonological loop account, the feature model assumes that irrelevant speech impairs serial recall by directly interfering with the TBR trace (i.e., both assume interference-by-content). However, since feature adoption was assumed to occur regardless of the degree of overlap between TBR and TBI features, the model simulated the absence of a between-stream similarity effect.
Other accounts of the ISE focus on mechanistic disturbances within WM rather than the direct corruption of TBR traces. For instance, the interference-by-process account (Jones & Tremblay, 2000) based on the object-oriented episodic record (O-OER; Hughes, Vachon, & Jones, 2007; Jones et al., 1992) proposes that WM is impaired by irrelevant speech because time-varying auditory inputs preattentively co-opt the mechanisms used to sequentially rehearse TBR information. Since degree of between-stream similarity is irrelevant to the seriation mechanism, the model predicts no between-stream similarity effects. Consistent with this prediction, studies designed to test the interference-by-process account find comparable serial recall performance at varying levels of between-stream phonological similarity (Hughes & Jones, 2005; Jones & Macken, 1995; Marsh et al., 2008) .
In updating the phonological loop account to accommodate the lack of a between-stream similarity effect, Larsen et al. (2000) proposed that irrelevant speech may distort representations signaling the order of entry into the phonological store, not the item traces themselves. Thus, like the O-OER account, this revision of the phonological loop ascribes the ISE to disruption of serial ordering.
An alternative family of WM theories emphasizes the importance of attention-control mechanisms (Cowan, 1995; Engle, 2001; Schneider & Chein, 2003 ). Cowan's (1995) model, for example, argues that maintenance in WM relies on a capacity-limited focus of attention, which elevates TBR information into a more active and accessible state. Diversion of attention by an involuntary response to novel or changing-state stimuli can account for the ISE (Cowan, 1995) . This attention-capture account predicts that any distracting stimulus, phonologically similar or not, can bring about the loss of information in WM.
Attempts to empirically arbitrate between the accounts outlined above have produced a wide array of findings beyond the scope of this article. In the current work, we focus specifically on the betweenstream phonological similarity findings and ask whether the assumption that interactions take place at the auditory-phonological level of representation have limited prior investigations. Specifically, previous studies used TBR and TBI stimuli containing few shared phonemes, but many shared articulatory phonetic features, even in putatively dissimilar conditions. So, a possible limitation of prior studies is not that the "similar" conditions were not similar enough but that the "dissimilar" conditions were not dissimilar enough. Moreover, stimulus preparation has typically involved consideration of only the relationships between TBR and TBI tokens that are paired during presentation. Since mechanisms used to refresh TBR representations might enable interactions between any TBR and TBI item, all phonological relationships that exist between the two lists must be taken into account.
In the following experiments, we controlled overlap across all TBR and TBI items at the level of articulatory phonetic features, which describe the production of spoken phonemes. Three featural parameters are typically used for phoneme classification: place (position of articulators), manner (quality of the airstream), and voicing (vocal fold vibration). Voicing is either present (ϩ) or absent (-), but place and manner features can be more or less broadly defined depending on the desired degree of specificity; we classify these features broadly in order to draw on particular similarities. We hypothesized that between-stream overlap at the level of phonetic features is a determinant of ISE magnitude.
Experiment 1

Method
Participants.
Forty undergraduate volunteers (27 women) received class credit for participating. All participants gave informed consent.
Stimuli. TBR and TBI lists comprised English words, listed in Appendix A. To form these lists, American English consonants were separated into two categories based on manner: stops, for which there is total or partial closure of the airway during vocalization, and continuants, for which there is no closure. Seven phonemes were included in the stop category-nasals (/m/, /n/) and plosives (/p/, /b/, /k/, /g/, /t/)-and seven phonemes were included in the continuant category-fricatives (/s/, /sh/, /z/, /h/) and liquids (/j/, /l/, /r/). Place was controlled as closely as possible, with five of seven phonemes in the stop category reliant on frontal articulators (involving the lips, apical tongue, front teeth, superior alveolar ridge) and six of seven phonemes in the continuant category reliant on tongue positions and articulators behind the alveolar ridge (lateral alveolar processes, lateral tongue, glottis). Voicing was matched across the two phoneme groupings, with four voiced consonants in each set (/m/, /n/, /b/, /g/ and /z/, /j/, /l/, /r/). Only front vowels were paired with continuants (/i/, /e/, /I/, /ae/), and only mid or back vowels (/ow/) were paired with stops. Four unique TBR lists of six monosyllabic words were created, with two lists using consonants from the stop phoneme pool and two lists using the continuant pool (see Appendix A).
The same technique was employed to create the TBI sets, resulting in two stop-consonant lists and two continuant-consonant lists (see Appendix A). Each TBR list was paired with either a list from the same pool of consonants to create a high-overlap condition or a list from the opposite pool of consonants to create a low-overlap condition. To minimize TBR stimulus repetitions, we tested the high-overlap and low-overlap conditions using different TBR item lists. High-overlap TBI stimuli shared the same phonemes and features with their paired TBR stimuli, whereas lowoverlap TBI stimuli shared neither phonemes nor manner features with their paired TBR stimuli. The sets of high-and low-overlap TBI tokens possessed comparable lexical characteristics and did not differ significantly from one another with respect to log written frequency, t(23) ϭ 0.35, p ϭ .74; familiarity, t(21) ϭ 0.23, p ϭ .82; phonological neighborhood size, t(22) ϭ 0.49, p ϭ .63; orthographic neighborhood size, t(23) ϭ 0.21, p ϭ .83; log frequency of phonological neighbors, t(21) ϭ 0.32, p ϭ .75; or log frequency of orthographic neighbors, t(23) ϭ 0.70, p ϭ .49, according to available norms (see Appendix A for details). TBI tokens were recorded individually at 44,100 Hz and cropped to 500 ms. High-overlap and low-overlap TBI sound streams were created by pseudorandomly selecting TBI tokens from a given list to create a 19-s long recording with TBI stimuli occurring every 500 ms.
Procedure. Each participant was tested individually in a quiet room. Participants wore headphones and were instructed to remember items presented visually on a computer monitor while ignoring anything they heard through the headphones. Stimulus presentation and data collection used E-Prime 2.0 (Schneider, Eschman, & Zuccolotto, 2002) . Each participant completed 12 experimental trials in randomized order, including four quiet trials (each TBR list tested once), four low-overlap trials (each lowoverlap TBR-TBI list pair tested twice), and four high-overlap trials (each high-overlap TBR-TBI list pair tested twice). TBR items were sampled in randomized order on each trial, and irrelevant speech trials used unique pseudorandomized (no token repetitions) sequences of the TBI items. TBR stimuli were presented serially for 1,000 ms each, with a 500-ms interstimulus interval. On irrelevant speech trials, the TBI sound sequence was initiated just before presentation of the first TBR item and continued through a 10-s delay interval following the last TBR item. After the delay, participants were prompted to type the TBR stimuli in the order of appearance.
Results and Discussion
Responses were scored by a strict serial order criterion: The correct response item had to occur in the TBR item's presentation position to be counted as accurate. Results are shown in Figure 1 Marsh et al., 2008) . Such substitution errors occurred almost exclusively in the highoverlap condition; at least one substitution error occurred in 27% of high-overlap trials but in only 8% of low-overlap trials, high vs. low, t(39) ϭ 3.63, p Ͻ .001, d ϭ 0.75.
Since the high-overlap TBR and TBI items shared the same phonemes, it is impossible to distinguish whether TBI substitutions resulted from phonemic or subphonemic interactions. Nevertheless, the presence of these errors provides added support for a between-stream ISE based on list similarity by showing that participants were more likely to recall ignored information when it shared phonological features with the TBR sequence.
Experiment 2
These findings from Experiment 1 help to elucidate the mechanisms that underlie the ISE. However, some limitations associated with our procedure deserve further consideration. Since we tested high-overlap and low-overlap conditions using different TBR item lists, it is possible that specific word-level factors (e.g., frequency, familiarity, etc.) influenced the findings (though we used two unique TBR lists for each sound condition, and the TBR items in each condition were relatively well matched on these lexical characteristics, as shown in Appendix A). Furthermore, the use of identical phonemes for TBR items and high-overlap TBI stimuli prevents us from determining whether the between-stream interactions occurred at the phonemic or featural (subphonemic) level. Finally, the emphasis on controlling manner features over place features limits our ability to generalize the findings. In Experiment 2, we sought to replicate Experiment 1 while addressing these potential limitations.
Method
Participants. Thirty-two participants (18 women) received class credit for participating. All participants gave informed consent.
Stimuli. TBR and TBI lists were composed of English words, listed in Appendix B. Four TBR lists (six words each) were used in the experiment, and each list was tested in quiet, high-overlap, and low-overlap conditions. The TBR lists were generated from two sets of phonemes involving entirely frontal articulators (lips, apical tongue, front teeth, superior alveolar ridge): One set (Set A) contained the [ϩfront] fricatives /th-/ (unvoiced) and /v/, and the [ϩfront] stops /d/, /m/, and /p/; a second set (Set B) contained the other half of the Two of the four TBR lists were made up of only Set A phonemes, and the other two TBR lists were made up of only Set B phonemes. The same method was used to generate eight high-overlap TBI lists (four using only Set A phonemes and four using only Set B phonemes), and each TBR list was then paired with two high-overlap TBI lists constructed from the opposing phoneme set (the minimal pairs), which shared the identical place and manner features as those in the TBR set without being the same phonemes. Whereas phonemes in the TBR and high-overlap lists emphasized frontal articulators, phonemes occurring in low-overlap TBI lists emphasized central and back articulators (lateral tongue, lateral alveolar processes, glottis). Eight low-overlap TBI lists were generated using a pool of the same fricative and liquid consonants used in Experiment 1 (/s/, /sh/, /z/, /h/, /j/, /l/, /r/) plus the [ϩfront] glide /w/.
2 Two unique low-overlap TBI lists were again paired to each TBR list. TBI sound sequences (19 s) were constructed from the TBI token sets, as in Experiment 1. Once again, we examined the lexical characteristics of the resulting highand low-overlap TBI sets and found that they did not differ significantly with respect to log written frequency, t (93) Procedure. The procedure was identical to that used in Experiment 1, with the exception of trial sampling. Each of the four TBR lists was tested twice in each sound condition, resulting in eight quiet trials, eight high-overlap trials (one trial with each high-overlap TBI set), and eight low-overlap trials (one trial with each low-overlap TBI set), for a total of 24 experimental trials. As in Experiment 1, TBR items were sampled in randomized order for each trial, and irrelevant speech trials used unique pseudorandomized (no token repetitions) sequences of the TBI items.
Results and Discussion
Responses were scored by a strict serial order criterion. Results are shown in Figure 2 Analysis of the specific errors contained in participant responses again showed that omission and transposition errors were increased for both high-and low-overlap conditions relative to quiet, t(31) Ͼ 2.05, p Ͻ .05, but that substitution errors (overall less frequent in Experiment 2) were significantly more likely in the high-overlap condition (5% of high-overlap trials, 1.5% of low-overlap trials); high vs. low, t(31) ϭ 2.10, p ϭ .04, d ϭ 0.51. Since the TBR and TBI stimuli in Experiment 2 did not share phonemes, we were also able to perform sublexical error analyses. Specifically, participants' responses were coded for the occurrence of minimal pair substitutions, in which an incorrect minimal pair phoneme was substituted for a correct phoneme during recall (e.g., recall of "pad" in place of "bad"). Although minimal pair substitution errors occur even in the absence of background speech, between-stream interactions due to overlap at the level of phonetic features might be expected to increase the frequency of these errors. This expectation was borne out in the data, as shown in Figure 3 . The number of minimal pair substitutions differed significantly across sound conditions, as demonstrated by a one-way ANOVA, F(2, 95) ϭ 4.74, p ϭ .01. Planned comparisons showed that the presence of high-overlap irrelevant sound caused a substantial increase in the minimal pair substitution rate, which was significantly greater than that found for both low-overlap, t(31) ϭ 2.71, p ϭ .005, d ϭ 0.59, and quiet conditions, t(31) ϭ 2.87, p ϭ .003, d ϭ 0.69. These error findings support the conclusions that subphonemic feature interactions contribute to the between-stream similarity effect and that items in the TBI stream can directly corrupt TBR traces.
Both the performance and error analysis results reflect successful replication of Experiment 1. Moreover, we achieved this replication despite the use of new TBR and TBI stimulus sets, suggesting that the observed pattern generalizes and did not stem from unique attributes of the Experiment 1 stimuli. Further, since the high-and low-overlap conditions were tested with the same TBR items, the observed differences can be attributed only to the impact of high-overlap versus low-overlap irrelevant speech and not to disparities in the properties of particular TBR lists. Indeed, for each of the four TBR lists in Experiment 2, the high-overlap condition produced a larger performance decrement than did the low-overlap condition. TBR and high-overlap TBI items also 
General Discussion
In both experiments we found that TBI streams containing phonetic features that highly overlapped with TBR items produced significantly stronger recall impairments than TBI streams with minimal phonetic feature overlap. We further found that participants were more likely to recall incorrect items that incorporated phonological characteristics of the TBI stream in the high-overlap condition, suggesting that trace corruption occurs in a systematic way (see also Tolan & Tehan, 2002) . These findings provide strong evidence for between-stream interactions at the subphonemic level.
Apparent between-stream phonological similarity effects have been discounted in some prior studies as the byproduct of categorical retrieval effects Marsh, Hughes, & Jones, 2009; Marsh et al., 2008) , in which errors arise through the reporting of extraneous items that share a categorical relationship to the TBR set (e.g., words that rhyme with the TBR items; items drawn from the same category, such as English consonants). In other work, alternative factors such as the congruence of order information in the TBI and TBR streams Hughes & Jones, 2005) and the lexical frequency of TBI stimuli (Buchner & Erdfelder, 2005) have been found to impact serial recall even when phonological overlap is equated. Importantly, the procedures used in the present experiments controlled for the likely influences of categorical retrieval (our TBR stimuli were not constructed from rhyme or semantic sets) and order congruence (we always used randomized TBI streams). TBI word frequency was also not a likely confound since high-and low-overlap TBI items had comparable frequency characteristics in both experiments, and the direction of the between-stream phonological similarity effect (greater interference for high-overlap vs. low-overlap TBI stimuli) was consistent even though high-overlap items had a relatively greater average log frequency in Experiment 1 (high-overlap M ϭ 2.02; low-overlap M ϭ 1.87) but a relatively lower average log frequency in Experiment 2 (high-overlap M ϭ 1.82; low-overlap M ϭ 2.18). So, while we acknowledge that these other factors can modulate the size of the ISE, they do not seem to account for the between-stream phonological similarity effects we observed.
Rather, we believe that the present results emerged through the careful attention given to shared phonetic properties of the TBR and TBI stimuli. To illustrate the difference from prior work, in our Experiment 1, the consonants in the TBR and low-overlap stimuli shared only 17 potential instances of place overlap (front/ back) and no instances of manner overlap (stop/continuant). By comparison, the stimuli created by Salamé and Baddeley (1982; Experiment 5) and later reused by Jones and Macken (1995;  Experiment 2) and LeCompte and Shaibe (1997; Experiment 5) contain 54 instances of place overlap (front/back) and 48 instances of manner overlap (stop/continuant).
A successful theoretical account for the present findings must explain both the significant reduction of serial recall performance that occurs with low-overlap irrelevant speech and the additionally significant decrement in performance observed when there is high between-stream phonetic feature overlap. We believe these results indicate the involvement of multiple parallel processes and propose that a dual-component theory-in which irrelevant speech causes both (a) competition for a central processing resource and (b) trace corruption based on between-stream content interactions-can provide the most satisfactory account.
Explanations that attribute the ISE to the disruption of processes supporting maintenance, such as seriation (Hughes et al., 2007; Jones & Tremblay, 2000; Marsh et al., 2009) or controlled attention (Chein & Fiez, 2010; Cowan, 1995) , accommodate many past findings and can explain our observation that TBI tokens possessing virtually no phonetic overlap with TBR items still produced a significant decrement in serial recall performance. We favor an attention-based account, which gains support from several recent findings (Bell, Dentale, Buchner, & Mayr, 2010; Chein & Fiez, 2010; Chein & Morrison, 2010; Chein, Ravizza, & Fiez, 2003; Little, Martin, & Thomson, 2010; Ravizza, Delgado, Chein, Becker, & Fiez, 2004) . However, the between-stream similarity effect we observed cannot be straightforwardly explained through either account, since the disruption of seriation or central attention processes (or any other shared processing resource) should occur regardless of the specific relationship between the TBR and TBI streams.
Our demonstration of between-stream similarity effects suggests that the TBI stream also interferes with serial recall by directly corrupting TBR trace representations. Trace corruption is a central assumption of interference-by-content accounts, including both the original phonological loop and feature model interpretations of the ISE. Unfortunately, neither view adequately addresses the specific findings. The phonological loop account assumes trace corruption but provides no mechanistic explanation for how such corruption occurs. A more detailed accounting of trace corruption is offered by Neath's (2000) adaptation of the feature model, but the revised model was designed to simulate the absence of a between-stream phonological similarity effect. A modest revision of the feature model, wherein the trace corruption mechanism is made sensitive to the degree of overlap between TBR and TBI streams, could accommodate our findings. For instance, a between-stream similarity effect could be simulated if high-overlap irrelevant speech caused substantial replacement of TBR features while low-overlap irrelevant speech caused limited replacement. Such a revision flows naturally from Neath's (2000) contention that distracting nonspeech tokens (e.g., tones), which contain fewer overlapping features with those of speech tokens, are less prone to causing feature adoption (p. 420).
Neath (2000) ascribed the smaller influence of irrelevant sounds involving low feature overlap with TBR items (e.g., nonspeech) to an impact on a general attentional resource (see also Little et al., 2010) . Thus, the feature model, which incorporates both processbased (attention) and content-based (feature adoption) interference, could with modest revision explain our results. However, implementation of attention as a single parameter undoubtedly oversimplifies attention's role in WM, and a more elaborate theory (e.g., Cowan, 1995) is clearly needed to adequately characterize the role of attention in WM and in the ISE.
Perhaps more fundamentally, we believe that future attempts to model the ISE would be enhanced by greater recognition that WM traces occur at multiple, interacting levels of representation (e.g., acoustic, phonetic, phonemic, motoric, etc.). Features coded at different hierarchical levels of representation may interact differently and be differentially "weighted," depending on the context in which traces are formed (e.g., in the presence of similar or dissimilar background speech) and on the strategies participants employ (e.g., articulatory rehearsal vs. attentional refreshing). WM theories that more fully acknowledge these differential levels of representation could yield a deeper understanding of irrelevant sound phenomena and help to more effectively bridge WM theory and long-established linguistic models of hierarchical language representation (Dell, 1986; Levelt, 1989) .
